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We analyzed the interactions between mutations in antagonistic BMP pathway signaling components to examine the roles
that the antagonists play in regulating BMP signaling activity. The dorsalized mutants swirl/bmp2b, snailhouse/bmp7,
lost-a-fin/alk8, and mini fin/tolloid were each analyzed in double mutant combinations with the ventralized mutants
chordino/chordin and ogon, whose molecular nature is not known. Similar to the BMP antagonist chordino, we found that
the BMP ligand mutants swirl/bmp2b and snailhouse/bmp7 are also epistatic to the putative BMP pathway antagonist,
ogon, excluding a class of intracellular antagonists as candidates for ogon. In ogon;mini fin double mutants, we observed a
mutual suppression of the ogon and mini fin mutant phenotypes, frequently to a wild type phenotype. Thus, the
Tolloid/Mini fin metalloprotease that normally cleaves and inhibits Chordin activity is dispensable, when Ogon antagonism
is reduced. These results suggest that Ogon encodes a Tolloid and Chordin-independent antagonistic function. By analyzing
genes whose expression is very sensitive to BMP signaling levels, we found that the absence of Ogon or Chordin antagonism
did not increase the BMP activity remaining in swirl/bmp2b or hypomorphic snailhouse/bmp7 mutants. These results,
together with other studies, suggest that additional molecules or mechanisms are essential in generating the presumptive
gastrula BMP activity gradient that patterns the dorsal–ventral axis. Lastly we observed a striking increased penetrance of
the swirl/bmp2b dominant dorsalized phenotype, when Chordin function is also absent. Loss of the BMP antagonist
Chordin is expected to increase BMP signaling levels in a swirl heterozygote, but instead we observed an apparent decrease
in BMP signaling levels and a loss of ventral tail tissue. As has been proposed for the fly orthologue of chordin, short
gastrulation, our paradoxical results can be explained by a model whereby Chordin both antagonizes and promotes BMP
activity. © 2002 Elsevier Science (USA)
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According to current models, the range of cell fates along
the dorsal–ventral (D-V) axis is specified by the graded
action of a bone morphogenetic protein (BMP) signaling
pathway (reviewed in Holley and Ferguson, 1997; Thomsen,
1997). Both ectoderm and mesoderm are sensitive to differ-
ent levels of BMP signaling (Dosch et al., 1997; Jones and
Smith, 1998; Knecht and Harland, 1997; Nguyen et al.,
1998; Wilson et al., 1997). For example, the ectoderm is
specified to form neural tissue dorsally in the absence of, or
at low, BMP signaling levels (Hawley et al., 1995; Holley et
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All rights reserved.al., 1995; Wilson and Hemmati-Brivanlou, 1995). Higher
levels specify the laterally derived neural crest and ectoder-
mal placodes (Marchant et al., 1998; Nguyen et al., 1998),
whereas the highest levels of BMP signaling establish
epidermal ectoderm. The level of BMP signaling at any
point along the D-V axis requires the concerted action of
BMP signaling pathway components.
Three BMP ligands are expressed in the zebrafish gastrula
in a pattern consistent with a role in specifying D-V cell
fates: bmp2b, bmp7, and bmp4 (Chin et al., 1997; Dick et
al., 2000; Martinez-Barbera et al., 1997; Nikaido et al.,
1997; Schmid et al., 2000). The action of these molecules
can be modulated by extracellular BMP antagonists, includ-
ing Chordin, Noggin, and Follistatin (Hemmati-Brivanlou
et al., 1994; Sasai et al., 1994; Smith and Harland, 1992).
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The extracellular antagonists decrease signaling potential
by binding the BMP molecules and preventing activation of
their receptors. The antagonist Chordin is in turn nega-
tively regulated by the astacin metalloprotease Tolloid
(Blader et al., 1997; Marques et al., 1997; Piccolo et al.,
1997), which cleaves Chordin and decreases its affinity for
BMP ligands (Larrain et al., 2000). The BMP molecules
signal through members of the Type I and Type II TGF
receptor family. Ligand binding to a receptor complex
results in the phosphorylation of Smad1, 5, and 8 molecules
(Kretzschmar et al., 1997), which then translocate to the
nucleus and act in transcriptional regulation.
Several genes in the zebrafish have been identified by
mutational analysis to be essential for D-V pattern forma-
tion (Hammerschmidt et al., 1996; Mullins et al., 1996;
Solnica-Krezel et al., 1996). The molecular nature of most
of these genes has been identified and they are components
of a BMP signaling pathway. Here we examine through
genetic analysis the interactions between the BMP antago-
nist genes chordino and ogon, which display ventralized
mutant phenotypes, and the BMP signaling component
genes, swirl, snailhouse, lost-a-fin, and mini fin, which
exhibit dorsalized mutant phenotypes.
The ventralized mutants, chordino (din) and ogon (previ-
ously also known as mercedes and short tail), display a
similar expansion of ventrally derived gastrula cell fates,
such as the ventral tail fin, the posterior somitic mesoderm,
blood and pronephros (Fisher et al., 1997; Hammerschmidt
et al., 1996; Miller-Bertoglio et al., 1999; Solnica-Krezel et
al., 1996). Dorsally derived gastrula cell types are reduced,
as reflected in smaller anterior somites and a variably
reduced head and eyes. din encodes the zebrafish chordin
gene (Schulte-Merker et al., 1997), whereas the molecular
identity of ogon has not been determined. The ogon allele
used in this analysis, ogonm60, is a 2.5 cM deletion and is
presumed to be a null allele (Miller-Bertoglio et al., 1999). In
addition to the ventralized phenotype, ogonm60 mutants
display a swelling of the midbrain and hindbrain ventricles,
which is likely due to the loss of an additional gene in this
deletion.
swirl and snailhouse (snh) encode the bmp2b and bmp7
ligand genes, respectively (Dick et al., 2000; Kishimoto et
al., 1997; Nguyen et al., 1998; Schmid et al., 2000). Null
mutant swirl and snh embryos display a strongly dorsalized
phenotype, characterized by the loss of ventral cell fates and
a concomitant expansion of dorsal cell types to the most
ventral region of the embryo (Mullins et al., 1996; Nguyen
et al., 1998; Schmid et al., 2000). These mutant embryos die
by the 14 somite stage. The mutant phenotype of the
hypomorphic snhty68a allele is a weaker dorsalization than
that observed in snh null alleles (Schmid et al., 2000).
Anterior neuroectoderm and somitic mesoderm is ex-
panded, but does not encircle the embryo, whereas more
posterior aspects of these tissues circumscribe the embryo.
Ventral mesodermal derivatives such as blood and prone-
phros are reduced or absent.
The mini fin (mfn) and zygotic lost-a-fin (laf) mutants
have dorsalized phenotypes that are restricted to the tail.
mfn and zygotic laf mutants display a partial to complete
loss of the ventral tail fin and ventral tail vein (Mullins et
al., 1996). mfn encodes Tolloid (Connors et al., 1999), a
metalloprotease that can cleave Chordin, reducing its abil-
ity to bind BMP molecules and resulting in an increase in
BMP activity (reviewed in Mullins, 1998). laf encodes a
BMP type I receptor, Alk8, which functions both mater-
nally and zygotically in dorsal–ventral axis formation
(Bauer et al., 2001; Mintzer et al., 2001). The maternal-
zygotic laf loss-of-function phenotype resembles swirl and
snh null alleles, indicating that it is a receptor for one or
both of these BMP molecules.
In this study, we examined the ability of the BMP
antagonists Chordin and Ogon to modulate BMP signaling
levels through double mutant analysis with BMP pathway
component mutants. In these investigations we observed a
mutual suppression phenotype in many ogon;mini fin
double mutants, which is not observed in chordino;mini fin
double mutants, suggestive of independent antagonistic
functions of Ogon and Chordin on BMP signaling. We
position the unidentified gene, ogon, relative to the BMP
pathway component genes. In addition we found a combi-
natorial expansion of the somitic mesoderm in lost-a-fin;
ogon and lost-a-fin;chordino double mutants. By gene ex-
pression analysis, we found that Chordin and the putative
BMP pathway antagonist, Ogon, do not significantly regu-
late the low BMP signaling levels of the presumptive BMP
activity gradient required for neural crest development. To
our surprise, we observed an increased penetrance of the
weakly dorsalized swirl/bmp2b dominant phenotype, when
Chordin is absent, suggesting an unexpected role for Chor-
din in promoting high BMP signaling levels.
MATERIALS AND METHODS
Cross Construction and Analysis
Mutant stocks were constructed with the following alleles; mini
finty130a, mini fintm124, swirltc300a, snailhousety68a, lost-a-fintm110b (Mul-
lins et al., 1996), chordinott250, ogontm305 (Hammerschmidt et al.,
1996), and ogonm60 (Solnica-Krezel et al., 1996). Families were
constructed by crossing fish heterozygous for one mutation to fish
heterozygous for the other, except in the case of mini fin families,
which were established with homozygous mini fin founders. The
progeny were raised and identified as single heterozygotes or
double heterozygotes of the mutations of interest. The single
heterozygotes were intercrossed to provide controls for the double
heterozygote crosses. We determined the distribution of mutant
phenotypes in the progeny of the double heterozygote crosses.
Observed distributions were compared to ideal frequencies that
would result from specific relationships between the 2 genes. The
ideal distributions of wild type: dorsalized: ventralized phenotypes
are as follows: dorsal epistasis, 9:4:3; ventral epistasis, 9:3:4;
mutual suppression of the mutant phenotypes, 10:3:3. In the case
where the double mutant embryos have a phenotype distinct from
either single mutant the ideal distribution is 9:3:3:1 (wild type:
dorsalized:ventralized:double). Goodness of fit was determined by
Chi square analysis. The resulting P value is the probability that
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the observed distribution represents an expected hypothetical case.
A P value of 0.05 or smaller was considered the limit for exclusion
of a hypothetical case.
Determination of Embryo Genotype
dintt250 was originally reported to be a deletion in the zebrafish
chordin cDNA (Schulte-Merker et al., 1997). We determined the
lesion to be a point mutation in the splice donor site of exon 2, as
also reported by others (Dick et al., 2000). The mutation lies
immediately 3 of the splice donor site and creates an MspI RFLP.
The genotype of dintt250 was determined by amplification of the
exon2/intron2 boundary with the primers chd3 CGT TTT AGT
TGG TGC TCT GAC G and chd4 CAG GCT TAC ACT TTA TGC
TTC CG. The genotype of ogonm60 was determined by amplifica-
tion of SSR markers that lie within the deleted region, z22653 and
z8380 (Miller-Bertoglio et al., 1999). SSR markers that lie adjacent
to the deletion, z6924 and z1477, were amplified in parallel as a
control. swirltc300a was genotyped by amplification of genomic DNA
that contains the lesion with the primers MCM 16, AAA GCT
TCG ACG TGG GTT CA, and MCM 14, CCT CCA AAA TAG
CTC GCT C. The mutant allele creates a HaeIII RFLP in this
amplified fragment. The genotype of snailhousety68a was deter-
mined by a 3 UTR HhaI RFLP tightly linked to the lesion. This
region is amplified with the primers BMP 7I, TAG TGA CTG ACA
TTT CCA ACA C, and BMP 7E, TCC ATG GTG ACA TGA TAG
C (Schmid et al., 2000).
In Situ Hybridization and Photography
In situ hybridizations were performed essentially as described
(Schulte-Merker et al., 1992). The following probes were used:
msxB (Ekker et al., 1997) at the 15-somite stage, dlx3 (Akimenko et
al., 1994) at 24 hpf, foxd3 (formerly fkd6, Odenthal and Nusslein-
Volhard, 1998), and myoD (Weinberg et al., 1996).
Images of live embryos and those processed by in situ hybridiza-
tion were captured from an Axioplan2 compound microscope
(Zeiss) by a Progres 3012 digital camera (Kontron Elektroniks) and
the images were processed with Adobe software.
Embryo Sectioning
Embryos were cleared in 1:2 Benzyl alcohol: benzyl benzoate and
yolks were removed. Embryos were sectioned by hand (Allende and
Weinberg, 1994) between somites. MyoD staining was used as a
guide for somite position.
RESULTS
mini fin;ogon double Mutants Display Reciprocal
Suppression, Whereas mini fin;chordino
Mutants Do Not
We compared the genetic interactions of din and ogon
with each of the BMP pathway components to distinguish
possible differences in their BMP antagonist functions.
Tolloid/Mini fin is a metalloprotease that cleaves Chordin
reducing its effectiveness at blocking BMP activity (Larrain
et al., 2000). mfn;din double mutants exhibited din epista-
sis with no alteration of the din phenotype (Figs. 1A–1C,
Table 1). In these crosses, no din mutants displayed gaps in
the VTF (see later results and discussion). This epistasis
result is consistent with the predicted roles of these pro-
teins, whereby Tolloid cleaves Chordin to inhibit its func-
tion. The molecular nature of Ogon is unknown. If Ogon is
a secreted BMP antagonist, susceptible to Tolloid cleavage,
then we would expect ogon to also be epistatic to mini
fin/tolloid. We found that in contrast to mfn;din double
mutants, embryos from crosses between mfn;ogonm60
double heterozygotes did not display clear epistasis. The
three expected phenotypic classes were observed, as well as
an additional mutant phenotype. The frequency of embryos
in the expected phenotypic classes was 58.2% wild type,
15.6% mfn dorsalized, and 21.8% ogonm60 ventralized (Figs.
1A, 1C, and 1D, Table 2). An additional 4.4% of embryos
displayed the head defect characteristic of ogonm60 mutants,
but did not exhibit the strongly ventralized tail phenotype
of ogonm60. The tail phenotype of these embryos ranged
from small duplications of the ventral tail fin and minor
swelling of the ventral tail vein to an apparently wild type
tail (Figs. 1E and 1F). This ogon head phenotype with a
suppressed tail phenotype was not observed in embryos
from single ogon heterozygote intercrosses (n  572). Thus
ogon behaves differently to chordino in double mutant
combination with tolloid/mini fin.
The lower than expected frequency of mfn and ogon
mutants observed (Table 2), suggested that the embryos
exhibiting the ogon head phenotype, but lacking the ogon
tail phenotype, correspond to mfn;ogon double mutants.
Embryos with the ogonm60 head phenotype represented
approximately 25% of the embryos from the double hetero-
zygote intercrosses (21.8% ogonm60 phenotype and 4.4%
ogonm60 head phenotype only), indicating that all ogon
homozygotes can be identified by this phenotype. In the
double mutants, we hypothesized that homozygosity of
mfn could suppress the tail phenotype of ogon mutants. To
determine if the embryos with only the ogonm60 head
phenotype were ogon;mfn double homozygotes, we geno-
typed these embryos for the mfntm124a mutation and for the
absence of an SSR marker that maps within the ogonm60
deletion (Miller-Bertoglio et al., 1999). We found that these
embryos were indeed homozygous for both ogon and mfn
(n  9, data not shown). This suppression of the ogon
TABLE 1
mini fin; chordino
Phenotypic class
Wild type mini fin chordino
Observed (5 crosses,
n  1032) 55.6% 18.6% 25.8%
Predicted by
chordino epistasis
P  0.847 56.25% 18.75% 25.0%
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mutant tail phenotype was not fully penetrant; more than
two-thirds, but not all, of the double mutants expressed this
phenotype. The suppressed mfn; ogonm60 embryos were not
viable, most likely due to lethality of the ogon head
necrotic phenotype, which appears to be unrelated to the
ventralized phenotype, but associated with the same dele-
tion as ogonm60 (Miller-Bertoglio et al., 1999). We obtained
similar mutual suppression results with another presump-
tive mfn null allele, mfnty130a (Connors et al., 1999), indicat-
ing that this was not an allele-specific effect between the
mfn and ogon mutations (data not shown).
We found that the reciprocal suppression of the mfn and
ogon phenotypes was fully penetrant in double mutants
with the hypomorphic allele, ogontm305 (Hammerschmidt et
al., 1996; Miller-Bertoglio et al., 1999). Homozygous
ogontm305 embryos display a duplicated ventral tail fin, have
no head defect, and little edema posterior to the yolk
extension. In crosses between fish double heterozygous for
mfn and ogontm305, we observed that both the dorsalized
(19.4%) and ventralized (17.5%) classes were less than the
25% expected for an epistatic gene, with a corresponding
increase in the wild type class (63.0% versus 56.25%
expected for an epistatic gene, Table 2). This distribution
fits the expected probability of all the double mutants
displaying wild type morphology (P  0.69). Interestingly,
these results demonstrate that the function of Tolloid in
inhibiting Chordin function is dispensable, when the nega-
tive regulator of BMP signaling, Ogon, is also reduced.
Considering the complete suppression of the ogon tail
phenotype in the ogon;mfn double mutants when ogon was
hypomorphic, rather than null, we investigated whether the
incomplete epistasis of the null ogon allele to mfn could be
accounted for by incomplete loss of function of ogon via the
reported maternal contribution of ogon (Miller-Bertoglio et
al., 1999). Hence, the mutual suppression of ogon and mini
fin mutant phenotypes could result from residual wild
type Ogon activity present in ogonm60 homozygous em-
bryos, due to the presence of maternal ogon gene product
from ogonm60/ mothers. To test this hypothesis, we exam-
ined mfn;ogon double mutants from females deficient in
maternal ogon contribution by generating females of the
genotype ogonm60/ogontm305;mfntm124/ and crossing them to
ogonm60/;mfntm124/ males. We found that loss of the
maternal ogon contribution did not lessen the mutual
suppression of the ogon and mfn phenotypes. About 17% of
the ogonm60 mutants were suppressed by mfn (21/120,
confirmed by genotypic analysis for mfn and ogon), identi-
cal to the 17% we observed in the crosses above with
heterozygous ogonm60 females. These results indicate that
residual maternal Ogon activity cannot account for the
mutual suppression of the mini fin and ogon phenotypes.
Rather the suppression phenotype can be accounted for by
the increased antagonistic function of Chordin occurring in
the absence of Tolloid/Mfn inhibition, which can partially
or completely compensate for loss of Ogon antagonism.
Altogether these results indicate that Ogon antagonism
occurs independently of Tolloid, and acts additively with
Chordin.
FIG. 1. mini fin (mfn) double mutant analysis. Phenotypes ob-
served in embryos from crosses between mfn;din double heterozy-
gous fish. (A) In wild type embryos a single ventral tail fin extends
the full length of the tail (arrowheads). (B) The din mutant displays
multiple ventral tail fins (arrowhead), an edema posterior to the
yolk extension at the site of blood formation (arrow) and a variably
reduced head and eyes. (C) mfn mutant embryos display a gap in the
ventral tail fin (arrowheads). Additional phenotypes to (A and C)
observed in embryos from crosses of mfn;ogon double heterozygous
fish (D and E). (D) The ogon mutant is characterized by multiple
ventral tail fins (black arrowhead), an edema posterior to the yolk
extension (arrow) and an altered head morphology (white arrow-
head). (E) Embryos exhibiting the ogon head phenotype (white
arrowhead) and a much less severe or wild type tail phenotype
(black arrow head). This embryo had only a small edema posterior
to the yolk extension without the pooling of blood or the multi-
plicated ventral tail fins seen in D.
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Lack of Modulation of Ventral Gastrula BMP
Activity by Chordin and Ogon Antagonism
If Swirl/Bmp2b, Snh/Bmp7, and Bmp4 act together during
gastrulation to specify ventral cell identity and Chordin and
Ogon can antagonize all 3 BMP molecules, then the
strength of the swirl and snh mutant phenotypes may be
lessened due to loss of Chordin or Ogon, which could
increase the potency of the remaining BMP molecules.
Redundancy in BMP signaling may occur, because all 3 of
these BMPs can rescue swirl and snh mutants (Dick et al.,
2000; Nguyen et al., 1998). Moreover we can detect residual
BMP signaling activity in swirl/bmp2b null mutants
(Nguyen et al., 2000; unpublished observations), indicating
that some BMP activity remains in this mutant that may be
antagonized by Chordin. Hence in the absence of Chordin
in a swirl mutant, we may see a weakening of the swirl
mutant phenotype due to increase in this remaining Bmp
activity. As previously shown, we found that swirl is
epistatic to din (Hammerschmidt et al., 1996) and ogon
(Miller-Bertoglio et al., 1999) (Table 3 and see results
below). To determine if loss of din or ogon can reduce the
severity of the swirl mutant phenotype, we examined foxd3
FIG. 2. Loss of chordino has no apparent effect on gene expression in swirl (swr) and snh embryos. msxB expression at the 5-somite stage
(A–D). (A) Wild type. (B) din embryos exhibit a variable reduction of anterior msxB staining in the presumptive neural crest (nc). (C and D)
A similar small range of msxB expression in an anterior ventral position (arrowhead) is observed in embryos from both swirl single
heterozygous and swirl;din double heterozygous crosses: shown here are weak (C) and strong (D) phenotypes. Expression of foxd3 (formerly
fkd6) in the neural crest progenitors in 5-somite stage snh mutants is not affected by loss of din (E–H, lateral views, dorsal to the right; insets
are dorsal-anterior views with anterior to the left). (E) Expression of foxd3 in the prospective cranial neural crest (bracket) and pax2.1 in the
mid/hindbrain boundary (white box in inset) of a wild type embryo. (F) din mutant embryos exhibit a variable decrease in the width of
anterior neural tissue as seen by decreased spacing between the domains of foxd3 expression and the width of the mid/hindbrain boundary.
(G and H) The range of expanded foxd3 expressing neural crest phenotypes observed in snhty68a embryos. The degree of expansion was
unaffected by din genotype; both embryos shown are homozygous mutant for din as well as snhty68a. Classification of the embryos as either
strong, moderate or weak snh mutant phenotypes (G is weak, H is strong), followed by examination of the din genotype revealed the
following: strong, 4 din/din, 4 din/; moderate, 3 din/din, 3 din/, 4 /; weak 2 din/din, 3 /. In crosses with ogon, 1 of 5 embryos
with a strong snh phenotype was homozygous mutant for ogon. Of 4 embryos with a weak snh phenotype, none was homozygous mutant
for ogon (data not shown).
FIG. 3. swirl and snailhouse double mutant analysis. Phenotypes observed in embryos from crosses between swirl; din double
heterozygous fish (A–F). (A) Wild type embryo at the 5-somite stage (dorsal to the right, anterior up). (B) A swirl mutant embryo at the
5-somite stage. Morphogenetic movements have driven the somitic tissue (arrowhead) and the tail bud off the yolk. These mutants die by
the 14-somite stage ( 16 hpf). (C) Wild type embryo at 1 dpf displaying a single ventral tail fin (arrowhead). (D) The weakly dorsalized,
dominant swirl phenotype is characterized by a partial loss of the ventral tail fin (absent between the arrowheads). (E) din mutant embryos
have multiple ventral tail fins (arrowhead) and a large edema posterior to the yolk extension (arrow). (F) The dominant dorsalized swirl
mutant phenotype is epistatic to din, as evident by the absence of the ventral tail fin (arrowheads) in this din/;swr/ embryo. However
some aspects of ventralization are still present, such as a minor edema (arrow) and a multiplicated ventral tail fin tip (arrowhead in the inset,
which is a slightly different view). For snh double mutant analysis, 3 classes of 1 dpf phenotypes were observed in embryos from crosses
between snh; din double heterozygous fish; wild type embryos as in A, din mutant embryos as in E and snh mutant embryos (G). snh
embryos are truncated posteriorly and the trunk tissue is twisted above the yolk (arrowhead). Phenotypes observed in embryos from crosses
of swirl;ogon double heterozygous fish (H and I). Wild type and swirl mutant embryos were observed identical to those in A, B, and C. (H)
ogon mutants at 1 dpf exhibit multiple ventral tail fins (arrowhead) and an edema posterior to the yolk extension (arrow) as well as a
swelling of the hindbrain ventricle (white arrowhead). (I) The dominant dorsalized swirl phenotype is epistatic to ogon as evidenced by
embryos with a gap in the ventral tail fin (arrow), which also display an ogon head phenotype (white arrowhead) and multiplicated ventral
tail fin tip (black arrowhead).
TABLE 2
mini fin; ogon
Phenotypic class
Wild type mini fin ogon
ogon head
Phenotype only
mini fin: ogonm60 observed (14 crosses, n  835) 58.2% 15.6% 21.8% 4.4%
Predicted by combinatorial phenotype 56.25% 18.75% 18.75% 6.25%
mini fin: ogontm305 observed (3 crosses, n  679) 63.0% 19.4% 17.5%
Predicted by mutual suppression (mini fin: ogontm305 P  0.69) 62.5% 18.75% 18.75%
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(formerly fkd6) expression in the neural crest precursors
(Odenthal and Nusslein-Volhard, 1998) and msxB expres-
sion in dorsal neuroectodermal tissue (Akimenko et al.,
1995) at the 5-somite stage. The amount of both foxd3 and
msxB expression is exquisitely sensitive to variations in
BMP signaling levels (Nguyen et al., 1998; and unpub-
lished). From intercrosses of swirl;din and swirl;ogon
double heterozygous fish, we examined 228 and 134 em-
bryos, respectively, for msxB and 168 and 152 embryos,
respectively, for foxd3 expression. We detected no signifi-
cant difference among swirl homozygous mutant embryos
from double heterozygous crosses that was not observed in
embryos from single swirl heterozygote crosses (Figs. 2A–
2D, and data not shown). Thus no increase in BMP activity
was detected in swirl mutants due to the loss of Chordin or
Ogon antagonism.
We examined whether loss of Chordin or Ogon antago-
nism could ameliorate the phenotype of the snhty68a hypo-
morph, by increasing the activity of Bmp2b, Bmp4, and/or
the remaining Bmp7 activity that is present in snhty68a
mutants. The snhty68a hypomorphic mutant (Fig. 3G) is
characterized by a reduction in ventral tissues and an
expansion of dorsolateral cell fates to a lesser degree than
that observed in swirl or snh null mutant embryos, which
exhibit identical dorsalized phenotypes (Schmid et al.,
2000). We found that snhty68a is epistatic to din (see also
Dick et al., 2000) and ogon (Table 4). We used the hypo-
morphic snh allele as a sensitized background to examine
the ability of the Chordin and Ogon antagonists to modu-
late the presumptive BMP gradient that acts during gastru-
lation. Because some Bmp7 activity remains in snhty68a
mutants, we expected that loss of the BMP antagonists din
or ogon would partially suppress the snhty68a mutant pheno-
type by relieving repression of either residual Bmp7 and/or
other BMP activity (e.g. Bmp2b and Bmp4).
We investigated the expression of foxd3 in the prospec-
tive cranial neural crest (Odenthal and Nusslein-Volhard,
1998), which is very sensitive to changes in BMP activity, in
snhty68a;din or snhty68a;ogon double mutants (Figs. 2E–2H,
data not shown). The dorsalized embryos of snhty68a single
mutant or snhty68a;din or snhty68a;ogon double mutants dis-
played a range of dorsalizations from a weak expansion of the
cranial neural crest foxd3 domain (Fig. 2G, data not shown) to
a great expansion of the field of foxd3 positive cells that
encompassed the ventral most regions of the embryo (Fig. 2H).
We categorized snh mutant embryos from double mutant
crosses according to the degree of foxd3 expansion. The din
(n  27) or ogon (n  9) genotype was determined for these
embryos to test if loss of Chordin or Ogon antagonism affected
the strength of the neural crest phenotype. To our surprise, we
found no correlation between the din or ogon genotype and
the strength of the snhty68a mutant phenotype (Figs. 2G and
2H, data not shown). Therefore, loss of Chordin or Ogon
antagonism does not weaken the phenotype caused by the
hypomorphic snhty68a mutation, suggesting that there is no
increase in BMP signaling activity in snhty68a;din or snhty68a;
ogon double mutants.
Enhancement of the swirl Dominant
Haploinsufficient Phenotype When chordino Is
Absent
In examining the ability of Chordin and Ogon antago-
nism to regulate BMP signaling activity in swirl;din and
TABLE 3
swirl; chordino and swirl; ogon
Phenotypic class
Wild type
Weakly
dorsalized swirl Ventralized
Ventralized and
weakly dorsalized
swr;din (7 crosses, n  995) 57.9% 2.1% 22.9% 8.3% 8.7%
swr (4 crosses, n  368) 76.9% 0.0% 23.1%
swr;ogo (7 crosses, n  1206) 54.3% 3.3% 25.7% 14.3% 2.4%
swr (6 crosses, n  393)a 66.3% 4.3% 29.4%
Note. Single mutant crosses are from the same family as the double mutant crosses to control for background due to genetic variation.
a The presence of the dominant swirl phenotype in these crosses is likely due to the AB background in which the ogon mutant was
propagated. In contrast the swirl dominant phenotype is rare in the TU background in which the swirl and din stocks were maintained.
TABLE 4
snailhouse; chordino and snailhouse;ogon
Phenotypic class
Wild type snailhouse Ventralized
snh;din observed (7
crosses, n  795)
56.3% 24.8% 18.9%
snh;ogo observed (8
crosses, n  1131)
59.2% 23.4% 17.4%
Predicted by dorsalized
epistasis (snh;din
P  0.99; snh;ogo
P  0.14)
56.25% 25.0% 18.75%
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swirl;ogon double mutants, we made an interesting obser-
vation. Embryos from crosses of swirl;din double heterozy-
gous fish displayed the 3 expected phenotypic classes plus 2
additional classes (Table 3): the expected classes were
57.9% wild type, 22.9% swirl strongly dorsalized, and 8.3%
din ventralized (Figs. 3A–3C, and 3E); in addition to em-
bryos with a weakly dorsalized phenotype (2.1%, Fig. 3D),
which may correspond to the dominant swirl phenotype
(Mullins et al., 1996), and a combined weakly dorsalized
and ventralized phenotype (8.74%, Fig. 3F). Intercrosses of
swirl;ogon double heterozygotes also displayed the ex-
pected phenotypic classes, as well as the dominant swirl
and the combined dorsalized and ventralized phenotypes
(Table 3, Figs. 3H and 3I). The combined mutant class
displayed a weakly dorsalized phenotype, a partial loss of
the ventral tail fin, as well as a ventralized phenotype,
expansion of blood or multiplication of the remaining
ventral tail fin.
In the swirl;din crosses, we genotyped weakly dorsalized
embryos, including those with the combined ventralized
phenotype, for the swirl mutation and found that they were
all swirl heterozygotes (n  23). We then genotyped these
swirl heterozygotes for din and found that five of six weakly
dorsalized mutants and all of the combined dorsalized/
ventralized mutants (n  17) were homozygous for din,
demonstrating that the dominant swirl phenotype is epi-
static to the din phenotype. We similarly found from the
swirl;ogon crosses that the combined dorsalized/
ventralized mutants were both heterozygous for swirl and
homozygous for ogon (n  5). We conclude that, as with
din, the dominant and recessive swirl phenotypes are epi-
static to ogon. In the swirl;din intercrosses, the high frac-
tion of din homozygotes among the swirl dominant mu-
tants is surprising; 5 or 6 din homozygotes, corresponding
to 25% of the swirl heterozygotes, are expected, rather than
the 22 observed. Similar ratios of mutant phenotypes have
been observed using different alleles of swirl and din
(Hammerschmidt and Mullins, 2002), indicating that this
effect is not specific to the alleles used here or just a
statistical aberration (P  9.8  1013). Furthermore, no
dominant swirl phenotypes were observed in sibling crosses
where din was wild type (Table 3). Intriguingly, these
results reveal an increased penetrance of the swirl domi-
nant phenotype, when Chordin is deficient.
This enhancement of the swirl dominant phenotype
suggests that Chordin may play a role in potentiating BMP
signals. Further evidence for Chordin enhancing BMP sig-
nals is the loss in ventral tail fin tissue that is observed in
some din mutants (Table 3, Fig. 4). This phenotype re-
sembles the din/din; swr/ embryos that display a gap in
part of the ventral tail fin, while the remainder of the fin is
multiplicated. We investigated the rate and the nature of
this apparent gap in 2 alleles of din, dintt250, and dinm52.
Embryos were scored at 1dpf and the presence of true gaps
in the ventral fin was confirmed at 2 dpf. In our experience
approximately 50% of embryos with ventral tail fin gaps at
1 dpf had recognizable fin along the length of the tail at 2
dpf, which may represent reductions rather than absense of
fin tissue. True gaps were observed in an average of 7% of
dintt250 homozygous mutant embryos (median is 2%, n 
FIG. 4. Loss of ventral tail fin in din mutants. (A) Wild type embryos at
1dpf have a single ventral tail fin (arrows in ventral view inset). (B) A
strong dintt250 mutant embryo at 1 dpf displays multiple ventral tail fins
(white arrowheads). (C) Occasional dintt250 embryos display gaps in the
multiplicated ventral fin (gap, black arrowheads; ventral fins, white
arrowheads). dinm52 embryos also display alterations in the fin struc-
ture. (D) Most dinm52 embryos display a full ventral tail fin with minor
duplications (white arrowheads) (E) Some embryos display reduced
fins (black arrowhead) or gaps, in addition to duplications (white
arrowheads). All panels lateral views, ventral view in inset.
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FIG. 5. lost-a-fin double mutant analysis. Embryonic phenotypes observed from crosses between laf; din double heterozygous fish (A–C).
(A) A wild type embryo at 1 dpf. (B) A typical laf mutant embryo, which lacks the ventral tail fin (arrowheads). din mutant embryos were
similar to the embryo in Fig. 3E. (C) A double mutant embryo displaying a sharp dorsal flexure of the tail, no ventral tail fin (arrowheads)
and a mass at the posterior end of the yolk extension (arrow). (D) A laf;ogon double mutant exhibiting a sharp dorsal bend in the tail, no
ventral tail fin (arrowheads) and a cell mass posterior to the yolk extension (arrowhead). The degree of dorsal flexure and the presence of
the cell mass are variable compared to the laf; din embryos. Expression of myoD at the 20-somite stage in embryos from laf;din (E–H) and
laf;ogon (I–L) intercrosses. Transverse sections of similar embryos approximately at the level of somite 16 (arrows) are shown as insets
(E–H). (E and I) myoD expression in the somitic mesoderm of a wild type embryo. The somite staining does not extend toward the ventral
side of the embryo. In contrast to the wild type (E and I), in laf mutant embryos (F) myoD expression in the tail somites extends ventrally
beginning at approximately somite 17 (arrowhead). (G) din mutants also exhibited a ventral expansion of myoD expression, but in more
posterior somites (arrowhead). (H) The double mutant embryos displayed a characteristic dorsal bend in the tail and ventral expansion of
myoD expression at a more anterior somite than in either single mutant (somite 12, arrowhead). (J) laf embryos from laf; ogon crosses
displayed a ventral expansion of myoD expression beginning at about somite 19. (K) ogon mutant embryos exhibit a less dramatic expansion
of myoD expression in posterior somites at this stage. (L) As with din crosses the laf;ogon double mutants embryos exhibited a ventral
expansion of somitic mesoderm at a more anterior position, beginning at about somite 15 (arrowhead).
FIG. 6. Model for ventral tail fin specification in chordino and swirl mutants. The increased frequency of loss of the ventral tail fin in
din/din; swirl/ embryos can be explained by a combinatorial decrease in the maximum level of BMP signaling within the tail bud. In
din/din (blue box) or swr/ (red box) embryos, the range of maximum BMP signaling activity is lower than wild type (black box); however,
most embryos are above the threshold required to specify the ventral tail fin (dashed line). A combined reduction in maximal BMP signaling
levels is then found in din/din; swr/ embryos (purple box). This lower range of maximal BMP signaling results in a much larger fraction
of embryos that are below the level necessary for ventral tail fin specification. The incomplete penetrance of the ventral tail fin phenotype
may reflect differences in maximal BMP signaling levels between individuals, possibly due to genetic background differences or other
unknown regulatory processes.
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456, Fig. 4C). Mutants of the weak allele, dinm52 (Solnica-
Krezel et al., 1996), display duplications of portions of the
ventral tail fin, often combined with an opposite reduction
in more proximal regions of the ventral tail fin (Figs. 4D and
4E), with 2.6% of dinm52 embryos displaying true gaps (n 
272, not shown). The presence of embryos displaying this
gap phenotype in both of these mutant alleles indicates that
the phenotype is not allele specific, and likely reflects a
fundamental role for Chordin in promoting ventral tail fin
fate. The low penetrance of this phenotype is likely due to
a decrease in BMP signaling levels in din mutants that lies
at or just above the threshold required for ventral fin
specification (see Discussion). As might be expected for a
system functioning close to threshold levels, the pen-
etrance of this phenotype was variable among independent
crosses ranging from 0% (e.g., in the mfn;din crosses) to
30% and may reflect a sensitivity to genetic background.
Analysis of lost-a-fin; chordino and lost-a-fin;
ogon double Mutants
We investigated the interactions between mutations in the
lost-a-fin/alk8 (laf) gene and the din and ogon loci in double
mutant analysis. The laf zygotic mutant phenotype is charac-
terized by a loss of the ventral tail fin and ventral tail vein. In
contrast, din and ogon mutants exhibit multiple ventral tail
fins, as well as an apparent expansion of ventral tail vein
tissue in the edema posterior to the yolk extension. Analysis
of embryos from intercrosses of laf; din and laf; ogon double
heterozygous adults, respectively, revealed four distinct phe-
notypic classes: wild type, laf dorsalized, ventralized and a
combined phenotype with both dorsalized and ventralized
characteristics in a ratio of 9:3:3:1 (Figs. 3E, 3H, 5A–5D, Table
5). The frequency of the combined phenotypic class is consis-
tent with it representing the double mutant embryos. These
double mutant embryos displayed a dilated yolk extension, a
cell mass posterior to the yolk extension as seen in din and
ogon mutants, as well as a sharp dorsal bend in the tail, a
phenotype not observed in the single mutants. Although the
double mutant embryos exhibited unique features, they dis-
played an absence of the ventral tail fin, the laf mutant
phenotype. Thus, laf is epistatic to din and ogon with respect
to ventral tail development, consistent with Laf, the type I
BMP receptor Alk8, acting downstream of Chordin and Ogon.
Morphological and molecular marker analysis of the
laf;din and laf;ogon double mutants indicates a unique
effect on the somitic mesoderm compared to the single
mutants. Somites in the tail of din, ogon and laf single
mutants are expanded ventrally. Analysis of myoD expres-
sion at the 20-somite stage revealed that laf;din and laf;
ogon double mutants exhibit a ventral expansion of somitic
tissue at a more anterior position than in the single mutants
(Figs. 5E–5L). In laf mutants, the somites encircle the tail
beginning at about somite 17–19 (Fig. 5F). At this level in
din mutants, the somites are rarely expanded to the same
extent as in laf mutants (Fig. 5G). In contrast to either
single mutant, laf;din double mutants display a dramatic
ventral expansion of somitic mesoderm beginning at about
somite 12 (Fig. 5H). Transverse serial sections confirm the
expansion of myoD expression in more anterior somites in
the double mutants compared to either single mutant
(insets in Figs. 5E–5H). Similar results, although to a lesser
degree, were found in the laf;ogon double mutants (Figs.
5J–5L). This greater expansion of somitic mesoderm likely
reflects an additive effect of each single mutant on this
tissue in the double mutant condition.
DISCUSSION
Mini Fin/Tolloid Is Dispensable When Ogon
Antagonism Is Reduced
Our analysis revealed that ogon acts similarly to din in
most genetic relationships we assayed, with one exception.
As with din, we found that swirl/bmp2b and snh/bmp7 are
epistatic to ogon, consistent with Ogon acting upstream of
Swirl/Bmp2b and Snh/Bmp7 as a BMP antagonist, as sug-
gested previously (Miller-Bertoglio et al., 1999). However,
unlike din, we found that ogon was not clearly epistatic to
mfn/tolloid. The majority of mfn;ogon double mutants
displayed a mutual suppression of their respective tail
mutant phenotypes. Since a fraction of mfn;ogon double
homozygous embryos display the ogon phenotype, mfn is
clearly not epistatic to ogon and therefore, mfn does not
function downstream of ogon.
The action of Ogon in parallel to Chordin as a BMP
antagonist, which is not negatively regulated by Tolloid/
Mfn activity, could account for the mutual suppression of
the ogon and mfn mutant phenotypes. If Chordin and Ogon
act independently to antagonize BMP signaling, then ogon;
TABLE 5
lost-a-fin; chordino and lost-a-fin; ogon
Phenotypic class
Wild type lost-a-fin Ventralized Combined
laf;din observed (4 crosses, n  1053) 56.4% 19.6% 18.0% 6.0%
laf;ogo observed (7 crosses, n  720) 56.9% 19.2% 18.3% 5.6%
Predicted by additive phenotype
(laf;din P  0.88; laf;ogo P  0.86) 56.25% 18.75% 18.75% 6.25%
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mfn double mutants will have increased Chordin dorsaliz-
ing activity through the loss of Mfn/Tolloid inhibition,
resulting in a reduction of BMP signaling activity. This
reduction may be compensated for by an increase in BMP
signaling caused by loss of Ogon antagonism. Compensa-
tion for loss of Ogon by increased Chordin activity has been
previously demonstrated by the rescue of ogon mutant
embryos by chordin overexpression (Miller-Bertoglio et al.,
1999). Thus, Ogon could encode a secreted BMP antagonist
or a Bmp2b/Bmp7 inducible antagonist, such as the nega-
tive regulatory Smads, Smad6, and Smad7, or the BAMBI/
Eyebrow pseudoreceptor (Nakayama et al., 1998; Onicht-
chouk et al., 1999; Tsuneizumi et al., 1997). Candidate
genes acting similarly to the Drosophila gene brinker,
which negatively regulates Dpp transcriptional targets in
the absence of Dpp signaling (Jazwinska et al., 1999; Mi-
nami et al., 1999), can be excluded. A brinker-like gene
would be epistatic to the swirl/bmp2b and snh/bmp7 genes,
whereas we find these genes to be epistatic to ogon. A
number of BMP antagonists have been excluded as candi-
dates for ogon, including follistatin, three noggin homologs
(Bauer et al., 1998; Furthauer et al., 1999; Miller-Bertoglio
et al., 1999), smad7, and bambi/eyebrow (Miller-Bertoglio,
2000); however, other antagonists remain to be investi-
gated. Interestingly, our results show that Tolloid/Mfn
inhibition of Chordin is dispensable for dorsal–ventral axis
formation, if Ogon antagonism is reduced. Thus, these
results illustrate the role of Tolloid/Mfn in finely regulating
BMP activity levels through modulation of BMP antago-
nism.
Combinatorial Effects between lost-a-fin and
ogon and chordino in the Somitic Mesoderm
We found that laf is epistatic to ogon and chordino in
specification of the ventral tail fin, although double mutant
embryos also display a combinatorial phenotype in more
laterally-derived cell fates. The epistasis results suggest
that laf acts downstream of ogon and chordino in a BMP
signaling pathway, consistent with the recent identification
of the laf gene as a type I BMP receptor (Bauer et al., 2001;
Mintzer et al., 2001). However, unlike the other dorsalized
mutants, the somitic mesoderm was expanded to a greater
degree in laf; din and laf; ogon double mutants than in the
single mutants. The combinatorial phenotype observed in
the double mutant embryos is distinct from that observed
in moderately dorsalized mutants such as piggytail (Mul-
lins et al., 1996) and likely reflects an additive effect of each
single mutant on this lateral gastrula cell fate, the posterior
somitic mesoderm. In single, zygotic laf mutant embryos
and also in chordino and ogon mutants the posterior
somites are enlarged. Thus, the double mutant condition
may result in a combinatorial increase in posterior pre-
somitic mesoderm.
Why does both a dorsalized and ventralized mutant show
an expansion of the same tissue, the posterior somitic
mesoderm? This may reflect a local effect on the fate map
in the hypomorphic laf/alk8 mutant caused by loss of only
zygotic, but not maternal Laf/Alk8 activity. In contrast in
the din and ogon mutants, a more global effect on the fate
map is observed. Thus, the enlarged posterior somites may
arise by different mechanisms. In the zygotic, dorsalized laf
mutant, tail cell fates are specifically affected, whereas
more anterior trunk tissues appear normal. In these mu-
tants, ventral tail fates are absent and appear to be trans-
formed into more dorsal tail fates, namely posterior somitic
mesoderm (Mullins et al., 1996). In contrast in the ventral-
ized mutants, din and ogon, both trunk and tail tissues are
affected. In these mutants, dorsal gastrula fates, including
prospective head and trunk cell fates, are reduced and
transformed into more ventral gastrula fates, which in-
cludes prospective posterior somitic mesoderm (Fisher et
al., 1997; Hammerschmidt et al., 1996; Miller-Bertoglio et
al., 1999). Thus, during gastrulation in the double mutants,
when presumptive Laf/Alk8 activity is present, the loss of
Chordin or Ogon activity results in a ventralization of the
gastrula, generating more ventral cell fates, which includes
the posterior somitic mesoderm. During tail patterning
stages, Laf/Alk8 activity is presumed absent and causes a
loss of the enlarged ventral tail fin tissue of the ventralized
mutants due to laf/alk8 epistasis. This ventral tail tissue is
then converted into tail somitic mesoderm, which was
additionally expanded due to loss of ogon or din during
gastrulation. Hence the double mutants display a more
severely expanded somitic mesoderm phenotype than the
single mutants. Alternatively, or in addition, it is possible
that Chordin and Ogon play a different role in patterning
posterior as opposed to anterior tissues. We have presented
evidence for Chordin promoting BMP activity within the
tail bud during tail patterning. The similar effect of the
zygotic laf mutant and the ventralized mutants on the
posterior somites may reflect positive functions in BMP
signaling for both Laf/Alk8 and Chordin and Ogon (see also
discussion below). Further studies are necessary to establish
the roles of Chordin and Ogon in patterning posterior
tissues.
Loss of Chordin or Ogon Antagonism Does Not
Increase BMP Signaling in swirl or Hypomorphic
snailhouse mutants
Our analysis indicates that Chordin and Ogon do not
significantly modulate the gastrula BMP activity that re-
mains in swirl and hypomorphic snh mutants. Three BMP
molecules, bmp2b, bmp4, and bmp7, are expressed in the
early zebrafish gastrula. The expression of all 3 BMP ligands
is initiated, but not maintained in the absence of swirl/
bmp2b or snh/bmp7 (Dick et al., 2000; Kishimoto et al.,
1997; Nguyen et al., 1998; Schmid et al., 2000). Although
chordin expression is greatly expanded in swirl/bmp2b
mutants (Miller-Bertoglio et al., 1997), our epistasis results
show that this expansion is not required for the dorsalized
phenotype. However, we hypothesized that Chordin may
still antagonize the residual Bmp2b, Bmp4, and Bmp7
119Interactions between Zebrafish D-V Mutants
© 2002 Elsevier Science (USA). All rights reserved.
activity in hypomorphic snh/bmp7 mutants, and Bmp7 and
Bmp4 activity in swirl/bmp2b mutants. If so, then loss of
Chordin in snh;din or swirl;din double mutants may reduce
the severity of the BMP mutant phenotype by increasing
the activity of the remaining BMP molecules. We examined
the prospective neural crest and dorsal neuroectoderm,
which is particularly sensitive to changes in BMP signaling
levels, and found that loss of the BMP antagonist Chordin
or Ogon had no effect on the amount of these tissues in the
double mutants. These results indicate that loss of Chordin
or Ogon does not substantially increase the BMP signaling
activity that remains in these mutants.
The lack of a detectable change in BMP signaling in the
swirl/bmp2b mutant due to loss of Chordin is consistent
with our previous analysis of swirl;snh double mutants. We
found that presumptive null mutants of swirl or snh or
swirl;snh double mutants all display identical mutant phe-
notypes, indicating that the Bmp2b/Swirl and Bmp7/
Snailhouse ligands have equivalent, nonredundant func-
tions in early embryogenesis (Schmid et al., 2000). Because
each ligand is independently required, in a swirl;din double
mutant, an increase in Snh/Bmp7 activity due to loss of
Chordino would not weaken the mutant phenotype due to
the independent requirement for Swirl/Bmp2b activity for
ventral cell fate specification.
We expected a modification of the hypomorphic snhty68a
mutant phenotype by loss of Chordin or Ogon antagonism,
since some Bmp7 activity, together with Bmp2b and Bmp4
activity still remain in this mutant. We can exclude the
possibility that the snhty68a mutation itself inhibits interac-
tion with Chordin or Ogon, rendering it insensitive to
Chordin or Ogon activity, since the snhty68a mutation lies in
the pro-domain and leaves the ligand domain intact, which
has been shown to interact with Chordin (Piccolo et al.,
1996). Possible explanations for the lack of a modification
of the snh hypomorphic phenotype by loss of Chordin or
Ogon, include that Chordin and Ogon may antagonize
another BMP signal transduction pathway (e.g. Bmp2b/
Bmp4) and not Snailhouse/Bmp7. Thus, any increase in
BMP signaling in the double mutants would be limited by
the signaling potential of the snhty68a hypomorph. Alterna-
tively, negative regulation of BMP signaling by both Ogon
and Chordino may have a quantitative threshold, such that
they do not negatively regulate BMP signaling at the BMP
levels present in homozygous snhty68a embryos. Hence loss
of the negative regulator has no impact on the dorsalized
phenotype.
Lastly, it is important to note that a BMP signaling
gradient still forms in snhty68a mutants and snh; din and snh;
ogon mutants, as revealed by the presence of the neural
crest and more ventral cell fates that form in these mutants.
These results raise the question of the extent to which
Chordin or Ogon normally act in generating the BMP
gradient. In din or ogon single mutants, or din; ogon double
mutants a BMP gradient also stills forms, as indicated by
the presence of all cell fates along the DV axis in these
mutants (Fisher et al., 1997; Hammerschmidt et al., 1996;
Miller-Bertoglio et al., 1999). The relative sizes of domains
along the DV axis are altered in these ventralized mutants,
with a reduction in dorsal and an expansion in ventral
domains, indicating that both Chordin and Ogon are impor-
tant in shaping the BMP gradient. However, since a gradient
still forms in the absence of these antagonists, other mol-
ecules or mechanisms must remain in the single and double
mutants to generate a BMP activity gradient, which may
also be acting in the snh; din and snh; ogon double mutants
examined here.
Paradoxical Enhancement of the swirl Dominant
Phenotype by Loss of Chordin
In swirl;din double mutant analysis, we observed an
unexpectedly high frequency of din homozygotes among
the weakly dorsalized swirl heterozygous mutants.
Twenty-two of 23 embryos with a dominant swirl pheno-
typewere din homozygotes, rather than the expected 25%
or 5–6) of the swirl heterozygotes. Moreover, in sibling
control crosses where chordin is wild type, no dominant
swirl mutants were observed (see Table 3). Thus, loss of
Chordin antagonism greatly increases the penetrance of the
swirl haploinsufficient phenotype. This effect is opposite to
what may be expected. Loss of Chordin antagonism is
expected to increase BMP signaling activity. In the swirl/
bmp2b heterozygote, BMP signaling is reduced and an
additional loss of Chordin antagonism would be expected to
increase BMP signaling and therefore suppress the swirl
dominant tail phenotype. Instead we observed an enhance-
ment of the weakly dorsalized swirl/bmp2b haploinsuffi-
cient phenotype.
One possible interpretation of these results is that loss of
chordin causes a reduction in BMP signaling, rather than
the expected increase in BMP signaling during tail pattern-
ing. The ventral tail fin may be the most sensitive to loss of
Bmp2b signaling levels, since this is the primary tissue
affected in swirl heterozygous mutants, as well as sbn/
smad5 heterozygous, zygotic mutants (Mullins et al., 1996).
Hence, one could argue that specification of the ventral tail
fin requires the highest BMP activity levels. Thus Chordin
may be required to achieve the highest BMP signaling
levels. This is reminiscent of the role of the fly orthologue
of Chordin, Short gastrulation (Sog), in dorsal–ventral pat-
terning of the fly embryo. The amnioserosa, the most dorsal
cell fate in the fly embryo, requires the highest BMP
activity levels and also requires Sog activity (reviewed in
Mullins, 1998). In sog mutants the amnioserosa is strongly
reduced or absent. The mechanism by which a BMP antag-
onist acts also as an agonist to promote BMP signaling is
still unclear, although some evidence suggests that the
Tolloid metalloprotease acts together with Sog and another
secreted factor, Twisted Gastrulation, to promote high BMP
levels (Chang et al., 2001; Oelgeschlager et al., 2000; Ross et
al., 2001; Scott et al., 2001). Recent work has shown that
vertebrate Chordin does not have an agonist function in a
Drosophila assay, where Sog does (Decotto and Ferguson,
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2001), indicating that not all components regulating this
system are closely conserved.
We have previously made an analogy between patterning
of the zebrafish tail bud and patterning of the dorsal–ventral
axis of the fly embryo, based on the expression patterns of
bmp4 and chordin and analysis of Tolloid/Mfn function in
the zebrafish tail bud (Connors et al., 1999). This model of
tail patterning during post–gastrula stages is distinct from
models of D-V patterning in gastrula stages, since Tolloid
appears to modify Chordin activity only during postgastrula
stages in the zebrafish. It is possible that this analogy to fly
D-V patterning may also extend to the function of Sog and
Chordin in promoting high BMP signaling levels; that is
Chordin may act as a BMP agonist and antagonist during
postgastrula stages in zebrafish tail patterning as does Sog
in fly D-V patterning. However, unlike the sog mutant, the
zebrafish din mutant does not typically exhibit a loss of the
ventral tail fin (VTF), which would be expected if Chordin is
required to generate the highest levels of BMP activity. We
have observed an incompletely penetrant loss of portions of
the VTF in din mutants (Fig. 4). Hence, it is possible that
Chordin can play a similar role in increasing BMP activity
in the zebrafish tail bud; however, this activity may not be
as critical in zebrafish development, as in fly embryonic
development. In din mutants the highest BMP activity
levels may be reduced within the tail bud, although these
levels may still be high enough in most din mutants for
VTF specification (see Fig. 6). In swirl heterozygotes, the
highest BMP activity levels may be reduced below that
found in din mutants and be close to the threshold for VTF
specification. In the combined swirl heterozygous, din
homozygous state, now the highest BMP activity levels
may be reduced below the threshold and consequently the
VTF is not specified in many embryos (see Fig. 6). Hence,
the penetrance of the swirl dominant phenotype is in-
creased when Chordin is also absent. Further investigations
must be performed to test this hypothesis and determine if,
and the significance of, Chordin acting as a BMP agonist in
normal zebrafish development.
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